Abstract-The capability to characterize the neutron energy spectrum and fluence received by a test object is crucial to understanding the damage effects observed in electronic components. For nuclear research reactors and high energy density physics facilities this can pose exceptional challenges, especially with low level neutron fluences. An ASTM test method for characterizing neutron environments utilizes the 2N2222A transistor as a 1-MeV equivalent neutron fluence sensor and is applicable for environments with 1 × 10 12 − 1 × 10 14 1-MeV(Si)-Eqv.-n/cm 2 . In this work we seek to extend the range of this test method to lower fluence environments utilizing the 2N1486 transistor. The 2N1486 is shown to be an effective neutron displacement damage sensor as low as 1 × 10 10 1-MeV(Si)-Eqv.-n/cm 2 .
Index Terms-Bipolar devices, displacement damage, neutron radiation effects, radiation monitoring.
I. INTRODUCTION

R
ADIATION effects scientists perform testing of devices and materials at a variety of neutron radiation facilities including nuclear research reactors, accelerator facilities with spallation targets and high energy density physics (HEDP) based technologies. These facilities can present significant challenges to neutron dosimetrists if test volumes, repeatability and fluence levels are limited, making neutron activation analysis (NAA) for energy spectrum characterization expensive and time consuming. When testing the behavior of electronics in these environments, scientists have also used ASTM E1855, which observes gain degradation in 2N2222A bipolar junction transistors (BJT) to provide a direct metric of the Silicon displacement damage (DD) environment [1] . This method offers a less expensive and minimally invasive means to measuring neutron DD in environments with an energy spectrum that is not well-characterized
Established as a standard technique in the early 1990s by Kelly & Griffin [2] , the methodology of utilizing transistors as DD sensors was originally applied to: 1.) Provide a useful DD metric for environments where the neutron spectrum is difficult to characterize or in which a test object will significantly perturb the neutron spectrum; 2.) Improve the determination of neutron spectra in the important 0.5-3 MeV energy region when fission foils could not be easily used [2] . The transistor damage methodology was shown to be an effective means of quantifying neutron fluence in 1-MeV equivalent neutron fluence in Silicon (1-MeV(Si)-Eqv.-n/cm 2 ), a widely used metric when pursuing device performance qualification and quantifying DD. The use of device response for measurement in ASTM E1855 is particularly favorable when the results of the experiment will be used in the verification and validation of device performance models. The application of this methodology with increased sensitivity is important for testing at HEDP facilities, like the Z-Machine [3] and National Ignition Facility [4] , which frequently produce neutron fluences below the lower threshold of the ASTM E1855 methodology and presents significant advantages over performing a full spectral characterization using NAA.
The methodology of ASTM E1855 relies on the MessengerSpratt (M-S) equation presented below [5] . Originally derived in 1958 the M-S equation indicates a linear proportionality between the change in the inverse gain and the incident neutron fluence for a given spectrum in BJTs:
where β 0 is the initial gain, β post is the gain after the irradiation, K 1 is the damage constant, f T is the transistor cut-off frequency, and 1−MeV(Si) is thecam 1-MeV equivalent neutron fluence in Silicon. While this expression of the M-S equation provides the theoretical basis for the application of a particular transistor as a sensor, it also lends insight into how to predict the sensitivity of different transistors. This is captured in the transistor cut-off frequency, f T , on the righthand side of the equation. The M-S equation indicates that the reciprocal of the cut-off frequency will be proportional to the change in inverse gain. Therefore, a transistor with lower f T will experience a larger inverse gain change for the same fluence, i.e. be more sensitive to DD. Cut-off frequency is also inversely proportional to the base width of a device, leading to the conclusion that DD sensitivity is directly proportional to base width. This observation has been explicitly shown by Rax et al. for proton DD [6] . While the focus of this work is specifically for measuring neutron DD, the application of the M-S equation has been more broadly applied to DD environments created by protons and heavy ions [7] [8].
The 2N1486 transistor was identified by Donald King from Sandia National Laboratories(SNL) as a potential candidate for a more sensitive DD sensor and has a f T two orders of magnitude smaller than that of the 2N2222A (∼300 MHz vs. ∼1 MHz).
This work seeks to determine the sensitive response range for gain degradation in 2N1486 transistors and confirm a theoretical agreement with the M-S equation. The performance of the 2N1486 as a DD sensor will be compared to measurements obtained using traditional methods (specifically NAA).
II. EXPERIMENTAL METHODS
To analyze whether the 2N1486 transistor would be a suitable candidate for a high sensitivity DD sensor, experimental irradiations were performed at SNL's Annular Core Research Reactor (ACRR) [9] and Gamma Irradiation Facility (GIF) [10] . Irradiations at ACRR were performed to first determine the DD response range for gain degradation in the 2N1486 and second to demonstrate the transistor's performance as a DD sensor. Irradiations at GIF were used to determine the threshold of the 2N1486 transistor's sensitivity to ionizing radiation dose.
A. Device Characterization
The 2N1486 transistors used in this work were purchased from Microsemi Corporation with no special instructions (i.e. no single batch/die). The 2N1486 is a medium power Silicon transistor with the bipolar junction configuration NPN. For the purpose of using the 2N1486 transistor as individual DD sensors, discrete transistors packaged in TO-8 cans were selected. The transistors were then labeled with individual serial numbers. To observe device performance, the currentvoltage characteristics of each transistor are measured repeatedly during this experiment. Specifically, a Gummel plot (log I C and I B vs. V BE ) and gain measurement (I C /I B ) are obtained while the device is operated in the forward active region. For this purpose, a calibrated parameter analyzer with a low noise test fixture was used with a customized temperature controlled mounting block installed inside the fixture. The 2N1486 transistor is connected within the fixture as shown in Fig. 1 .
During readout, the mounting block is maintained at precisely 273 K using a Lakeshore temperature controller. A one-minute delay is allowed for each transistor to equilibrate in temperature with the mounting block and gloves are worn to reduce the amount of body heat absorbed by the device from the experimenter. Experimental measurements with variable device temperature indicated a dependence of the gain measurement on temperature of less than ±0.5% per Kelvin.
The parameter analyzer is setup to obtain a Gummel plot ( Fig. 2 ) with the transistor operated in forward active mode with the following settings:
• The collector voltage is set at a constant 5 V • The base voltage is set at a constant 0 V • The emitter voltage is varied in sweep mode from −0.25 V to 0.75 V • A compliance current of 20 mA is set for the collector current The gain measurement is taken at 1 milli-ampere(mA) of collector current. This specific reference point is suggested in ASTM E1855 for the 2N2222A. The choice of 1 mA was verified as an appropriate choice for the 2N1486 transistor. Considerations included the fact that this current is in the linear region of forward active device operation where recombination current plays a significant role in device performance, it is at a level where no injection current annealing has been observed and it is a convenient level for a standardized procedure.
B. Annular Core Research Reactor
To use an individual transistor as a DD sensor its specific response must first be determined in a well-characterized neutron radiation environment. The ACRR experimental cavity is capable of creating several different well-characterized neutron-gamma radiation environments that meet the ASTM E170 requirements for a reference neutron benchmark field.
To be considered well-characterized, the neutron radiation field must be stable, reproducible and a detailed analysis must be performed that generates spatial and energy-dependent radiation intensity measurement data. This data must then be incorporated with nuclear reactor physics and radiation transport models to create a detailed understanding of the radiation environment. This is typically achieved with NAA using multiple types of dosimetry foils with responses functions that span the entire range of neutron energies, as well as radial and axial spatial dosimetry maps to assure field uniformity. ASTM E261 is a standard test method that details this process thoroughly [11] . Fission foils contained within boron balls, are used to provide a neutron sensor with adequate response in the 0.5 -3 MeV energy range.
For experiments focusing on neutron DD, the Lead-Boron Bucket environment (LB-44) is utilized. The LB-44 environment allows for a high 1-MeV equivalent neutron fluence in Silicon with a low total dose in Silicon. To filter out thermal neutrons, the bucket has an outer annular volume filled with B 4 C powder. To filter out gamma rays, the bucket has an inner annular liner made of Pb [12] .
The experimental package, loaded into the ACRR LB-44 environment, features a rectangle of anti-static foam in which the 2N1486 transistors are mounted and grounded to prevent any undesired transient electric field effects during the exposure. The package is wrapped in aluminum foil to prevent radioactive contamination of the device. The package is loaded onto an aluminum test stand designed for use with LB-44. It is taped down in the central radial and axial position of the stand then lowered into the reactor core. Low dose rate exposures are performed with the reactor operated in steady state mode to minimize the transient electric field effects that can occur in high dose rate pulse mode exposures. Sulfur tablets, Nickel foils and thermoluminescent dosimeters (TLDs) are included in close proximity to the device under test (DUT) during each experiment and are processed by onsite radiation dosimetrists at the SNL Radiation Metrology Laboratory (RML) following standardized dosimetry procedures [11] [13] [14] [15] . Sulfur is recognized as the primary neutron dosimetry and is the most useful neutron activation element for low fluences. The results obtained by the RML are used as the reference for the 1-MeV equivalent neutron fluence in Silicon measurement.
C. DD Sensor Procedure
The application of a BJT as a DD sensor requires that a displacement damage factor (DDF) for each specific transistor be determined in a known neutron fluence exposure before making a test environment measurement. The DDF combines the damage constant and cut-off frequency into a single term. Once a DDF is known, only gain measurements before and after an exposure are needed to measure the 1-MeV equivalent neutron fluence. Equation (1) is rearranged below to find a DDF (Eq. (2)). The equivalent fluence delivered to the device during the irradiation is found initially by NAA. The process of determining a device's DDF is referred to as calibration.
The DD occurs as crystal lattice defects introduced by neutron bombardment and are subject to time and temperature annealing mechanisms. At room temperature some of Fig. 3 . Flow chart summarizing the DD sensor procedure. After the recovery anneal is performed the procedure can be repeated. During each step of the procedure, besides IV measurements, the device is unbiased with leads grounded. Note: Before measuring the post irradiation gain the transistor is exposed to stabilization anneal conditions of 80 • C for 2 hours. the defects will migrate and return to normal lattice locations (annealing), effectively eliminating the record of their existence and erasing their contribution to gain degradation. To ensure this process is not introducing significant time dependent variability into the gain measurements, a stabilization anneal during which the devices are exposed to an elevated temperature environment of 80 • C for two hours is performed after irradiation but before measuring the post irradiation gain. The stabilization anneal is particularly helpful since it is not always convenient to fix the time after the irradiation at which the transistor gain is measured as well as to control the environmental temperature during this time interval.
After the post irradiation measurement is made, recovery anneal conditions of 180 • C for 24 hours stimulate more aggressive defect annealing to recover a substantial amount of transistor gain and extend the sensor's useful lifetime. The specific annealing conditions are chosen for Silicon to ensure annealing of the neutron-introduced defect populations without damaging the device due to high temperature degradation of some of the constructive features. Fig. 3 below presents a summary of the DD sensor procedure steps.
III. EXPERIMENTAL RESULTS
The first step in determining the applicability of the 2N1486 for use a high sensitivity DD sensor is to observe its minimum threshold for gain degradation. The 2N1486 transistors were exposed to increasing orders of magnitude of neutron fluence in the ACRR LB-44 environment beginning at 1×10 8 1-MeV(Si)-n/cm 2 . Significantly observable gain degradation in the 2N1486 was observed to begin at a fluence of approximately 1 × 10 10 1-MeV(Si)-n/cm 2 (Table I) . This threshold for gain degradation is two orders of magnitude more sensitive than the 2N2222A and corresponds to the magnitude of difference in transistor cut-off frequency. The average percentage of gain degradation observed from irradiations in ACRR is presented in Table I across the 2N1486's applicable range.
A. 2N1486 DD Sensor Performance
To ensure the DD sensor methodology is applicable it is important to verify that the gain degradation obeys the The magnitude of changes to base current and current gain as function of emitter-base voltage are shown in Fig. 5 during each step of the procedure. After the calibration exposure and the subsequent sensor exposure, the base current is shown to increase and gain is shown to decrease, indicating a reduction of minority carrier lifetime as expected for BJTs experiencing DD [16] . The stabilization anneal (80 • C/2 hr) is shown to have only a small affect in reducing base current and increasing gain. The recovery anneal (180 • C/24 hr) has a greater affect with the base current and current gain approaching the preradiation (Prerad) curve.
The DD sensor measurements are in agreement with the measurements obtained by Sulfur tablet dosimetry (Table II) . The sensor measurement uncertainty is dominated by the uncertainty from the activated Sulfur dosimetry taken during the calibration exposure resulting in similar uncertainty from each method.
B. DD Sensor Measurement Uncertainty
Assigning an accuracy to a sensor's measured 1-MeV(Si)-equivalent neutron fluence requires knowing the uncertainty of three values: • Conversion of calibration dosimetry measurement to 1-MeV(Si) equivalent fluence (spectral adjustment uncertainty) (σ S ) The spectral adjustment uncertainty from each type of calibration dosimetry (Sulfur or Nickel) is provided in the LB-44 radiation environment characterization report [12] . The calibration dosimetry uncertainty is provided by the RML in each experiment's dosimetry report. To obtain an uncertainty for an individual gain measurement, repeated measurements of transistor gain for both un-irradiated and irradiated devices were performed many times. The combination of nearly 100 repeated measurements on ten 2N1486 transistors (3 pristine transistors and 7 transistors with a range of minor to major gain degradation) demonstrated that the gain measurement fractional standard deviation was 1.1% or less. The magnitude of the standard deviation was observed to decrease with increased gain degradation. A value of 1.5% is assigned as the relative uncertainty for a representative gain measurement.
With each contribution to the DD sensor identified in the bullets above, the total relative uncertainty is found using the following equation based on the component uncertainty contributions being uncorrelated [17] .
C. Displacement Damage and Ionizing Dose Effects
Dominant mechanisms that will affect minority carrier lifetime, base current and therefore gain occur in the neutral base region and the emitter-base depletion region (simplified representation of the depletion region shown if Fig. 6 with dashed lines around N-type emitter). The effect of DD is greatest in the emitter-base depletion region and neutral base region closest to the surface, where the electron and hole concentrations are both high, enabling recombination to occur at defect sites [18] .
BJT device physics in normal operation and with increased DD is well described with the following equations presented by Schrimpf [18] .
Prior to irradiation, collector and base current will ideally follow these expressions:
With J c the collector current, J B1 the base current due to back injection of holes into the emitter, q the charge of an electron, k the Boltzmann constant, and V BE the emitter-base voltage. The 2N1486 transistor's collector and base current measurements are observed to be well behaved and follow the ideal behavior as shown in Fig. 7 with 60 mV per decade of increased current. Aside from back injection of holes into the emitter, base current has two contributions to current from recombination. DD introduces defects with energy levels within the Silicon bandgap that act as recombination sites and the observation of DD will occur as increases in base current from the following two contributors: Recombination in the emitter-base depletion region:
Recombination in the neutral base:
Recombination in the emitter-base depletion region has an ideality factor of approximately 2 while recombination in the neutral base will have an ideality factor of approximately 1. Fig. 8 shows the excess base current of an irradiated 2N1486 transistor. The ideality factor of the current introduced into the base due to DD is between 1 and 2, indicating that recombination is being increased in a combination of both the emitter-base depletion region and the neutral base [18] . [19] and a low dose rate (exposures were delivered at 100 rad(Si)/s or higher) were not chosen for GIF experiment, the onset of ionizing dose effects occur at greater than an order of magnitude higher dose. When required, an approach for separating the contribution to gain degradation by ionizing dose is included in ASTM E1855 [1] .
In this work the application of the 2N1486 transistor as a DD sensor is done in the mixed gamma/neutron environment created by the ACRR. With significant gamma radiation exposure, gain degradation due to ionizing dose can occur. This is due to trapped charges from ionization that can alter the electric field properties and affect the electrical characteristics of the device, typically also resulting in increased base current and decreased gain in NPN BJTs [19] [20] .
Base current as a function of emitter-base voltage and gamma irradiation dose are presented for devices exposed to Cobalt-60 gamma radiation in the GIF in Fig 9. Pristine devices and devices previously exposed in the ACRR are shown. The previously irradiated devices were exposed to 1.16×10 10 1-MeV(Si)-n/cm 2 . They indicate no change in gain due to ionizing radiation dose in either group of transistors at 1 krad(Si), and very subtle differences at 10 krad(Si). Substantial changes are observed above 100 krad(Si) with greater increases occurring in the previously un-irradiated device. No changes in collector current were observed at these exposure levels. Fig. 9 substantiates the fact that these devices did not experience any gain degradation due to total ionizing dose effects in the ACRR exposures in LB-44 where the gamma radiation dose remained below 1 krad (Si) in the highest fluence exposures.
IV. DISCUSSION
This effort represents the application of an existing standard test method to a higher sensitivity device and the continued effort to improve the simulation process of device performance in extreme environments. The importance of having a wellcharacterized neutron radiation environment for the calibration of the transistors is paramount and the uncertainty in the dosimetry measured fluence and the spectral conversion to 1-MeV(Si)-Eqv.-n/cm 2 are the dominant contributors to the uncertainty of the sensor's measurement.
Beyond enabling the DD sensor approach to test level measurements at HEDP facilities, a notable environment that is difficult to characterize and an opportunity for this approach is the upper spatial portion of the dry cavity of the ACRR (an exposure area above the actual fuel region). This is difficult due to the fluence gradient and the large open vertical expanse above and below its axial position making it difficult to secure an experimental fixture in a consistent manner and creating a difficult scenario for location repeatability. This is an example environment were the application of the 2N1486 transistor as a neutron DD sensor is ideal; incorporating the 2N1486 transistor in close proximity to the experiment's region of interest will supplement precise positioning.
Technology and techniques surrounding the DD sensor procedure are likely to improve but not substantially. This suggests that the accuracy of DD sensors following this practice will continue to be limited by the calibration NAA and will be comparable to, but not substantially improved upon, what can be obtained with the use of a monitor activation foil in a reactor field that has a well-characterized neutron spectrum. The strength of the DD sensor dosimetry approach is in cases where the neutron spectrum is not well-characterized or when a test object can perturb the free-field spectral characterization.
A prioritization of accuracy in the calibration dosimetry to obtain good counting statistics is the most effective strategy to improving the DD sensor measurement uncertainty.
The application of the ASTM E1855 methodology is presented with several benefits:
1.) The transistors themselves are small, durable and used passively, making them convenient on and in experimental packages with negligible effect on the radiation environment, 2.) They are cheap and fabricating processes are likely to improve, making them more consistent and 3.) They offer quicker measurement turn around then the counting of the routine research reactor 58 Ni(n,p) and 32 S(n,p) activation foils allow. This is because both the Sulfur and Nickel activation reading requires that intermediate activation products decay before the final reading is made. (In the case of Sulfur it is to remove other beta emitters; while in the case of Nickel it is to allow the metastable 58m Co product to decay down to the measured ground state 58 Co nucleus [13] [14]).
V. CONCLUSION
The Microsemi 2N1486 BJT is shown to be an effective neutron DD sensor that will allow the neutron radiation effects community to perform high sensitivity DD environment test level measurements and neutron spectrum characterizations. The DD sensor test method using the 2N1486 transistor will aide in improving the quality of experiments at HEDP facilities as well as in under-characterized DD environments. The successful results obtained at the improved sensitivity of the 2N1486 transistor warrant the extension of the ASTM E1855 test method or the introduction of a new standard test method for using the 2N1486 transistor as a DD sensor.
In summary this work has led to the following conclusions:
• The 2N1486 is sensitive to displacement damage from neutron fluences as low as 10 10 1-MeV(Si)-Eqv.-n/cm 2 .
• Gain degradation in the 2N1486 exhibits linearity with neutron fluence as described by the M-S equation.
• Minimizing calibration dosimetry uncertainty is the most effective means to reduce DD sensor measurement uncertainty.
